Purpose: There is a clear need to improve risk stratification and to identify novel therapeutic targets in aggressive prostate cancer. The goal of this study was to investigate genes with outlier expression with prognostic association in high-risk prostate cancer patients as potential biomarkers and drug targets.
Introduction
While a majority of prostate cancer patients will be cured of disease with primary treatment, high-risk prostate cancer represents a subset of patients which still carry a significant risk of metastatic progression (1) (2) (3) . High-risk prostate cancer is localized by definition and thus potentially curable, but cure rates are only 50% to 60%. Of the patients who experience recurrence, 30% to 40% progress to metastatic disease that ultimately leads to death (4, 5) . Therefore, there is a critical need to identify which patients are at greatest risk for metastatic progression, and to identify biologic drivers that can be targeted to improve outcomes for these patients (1) . Current clinical prognostic paradigms, based on PSA level, Gleason score, tumor stage, and prostatectomy pathology provide guidance but are imperfect (6, 7) . Molecular biomarkers are a promising strategy to improve stratification of prostate cancer patients at high risk of metastatic progression from those at reduced or standard risk.
Numerous prognostic molecular biomarkers to risk-stratify prostate cancer patients have been selected manually based on a known role in molecular pathways important in prostate cancer (8) (9) (10) . Genomics technology has revolutionized the search for prognostic biomarkers with unbiased techniques based on differential expression, leading to the nomination of numerous single-gene biomarkers (11) (12) (13) (14) and molecular subtypes (15) . Prognostic studies in prostate cancer are hampered by the long disease course, resulting in follow-up of insufficient length to study associations with the most meaningful outcomes of metastatic progression, prostate cancer death, and overall survival. Thus, many studies have been limited to the intermediate outcome of biochemical recurrence (16) .
Recently, several high-risk prostate cancer patient cohorts with prostatectomy sample high-density microarray gene expression data have accrued follow-up long enough for correlation with metastatic progression and survival endpoints. This invaluable resource has allowed for several very exciting developments for prostate cancer biomarkers. A 22-gene genomic classifier developed and validated in this dataset stratifies patients by metastatic progression risk 5 years after prostatectomy [22. 5% for high risk (19% of patients) vs. 2.4% for low risk (60%)], and provides prognostic information independent of the clinical data-based Cancer of the Prostate Risk Assessment Postsurgical (CAPRA-S) prognostic instrument (17, 18) . On the basis of the high-density of the microarrays in this dataset, our group discovered and validated a novel long noncoding RNA biomarker called SChLAP1 that correlates with aggressive prostate cancer, and may be useful as a urine diagnostic biomarker (13) . These examples demonstrate the value of this large cohort with long follow-up and gene expression data to discover and validate prostate cancer prognostic biomarkers.
Outlier analysis was developed to identify genes with very high expression in a subset of samples, which is often not detected by standard differential expression analysis. This novel approach to analyzing gene expression patterns led to the discovery of ERG family gene fusions and SPINK-positive prostate cancer (19, 20) . Outlier analyses have traditionally been limited to comparisons of gene expression in cancer versus normal samples, and have not been analyzed with respect to clinical outcomes. Recently, two studies analyzed outlier expression within cancer cohorts, and correlated gene outlier status in breast cancer and melanoma (21, 22) . These studies indicate prognostic outlier genes to be a promising class of cancer genes for biomarker and therapeutic discovery.
Here, we applied prognostic outlier gene analysis in highrisk prostate cancer to better identify patients at risk of metastatic progression after prostatectomy, and the genes implicated in progression. We analyzed a large cohort of high-risk prostate cancer patients with long follow-up after prostatectomy and high-density microarray gene expression data from the prostatectomy specimen. Twenty prognostic outlier genes were identified. Several prognostic outlier genes unstudied in prostate cancer were analyzed for contribution to oncogenic phenotypes in vitro using RNAi in two prostate cancer cell lines and for differential overexpression in metastatic prostate cancer samples in Oncomine. Prognostic significance of outlier expression of these 20 prognostic outlier genes was validated in three independent high-risk prostate cancer prostatectomy cohorts and compared with existing clinical and molecular prognostic signatures. This is the first study of prognostic outlier genes in prostate cancer, which appears to provide a powerful platform for cancer biomarker and therapeutic target discovery.
Materials and Methods

Clinical cohorts and microarray processing
Four cohorts of high-risk prostate cancer patients treated with prostatectomy were assembled from three different institutions: two from Mayo Clinic (MCI and MCII), a third from Cleveland Clinic Foundation (CCF), and a fourth from Thomas Jefferson University (TJU, Philadelphia, PA). Gene expression of these samples was analyzed by microarray as previously reported (5) . Informed consent protocols were approved by local Institutional Review Boards (IRB). Briefly, MCI was a nested case-control study with 545 patients, MCII was a case-cohort study of 232 patients, CCF was a case-control study of 183 patients who did not receive neoadjuvant or adjuvant therapy, and TJU was a cohort of 130 patients who received postoperative radiotherapy. RNA extraction from formalin-fixed paraffinembedded prostatectomy samples and microarray hybridization and normalization was performed at a CLIA laboratory (GenomeDx Biosciences; refs. 5, 13, 17, 23, 24) . Microarray data are available with NCBI GEO accession numbers GSE46691, GSE62116, GSE72291, and GSE62667.
Gene nomination
To nominate outliers in metastatic prostate cancer, we compared gene expression profiles in patients that metastasized versus those that did not in the MCI cohort. The Cancer Outlier Profile Analysis (COPA) algorithm (19) was used with two minor modifications. Centering was performed using the median of the nonmetastatic samples, as the median expression of genes associated with metastatic progression would shift depending on the prevalence of metastatic progression in the cohort. Second, we used a COPA cutoff of 2.5 (half of original threshold) to increase sensitivity, as there were no prognostic genes meeting the original COPA cutoff. We focused our search on genes which had outlier expression in 4% or more of the cohort, and positive predictive value of 0.7 or higher.
Clinical validation and comparison with published prognostic models
We examined prognostic outlier gene expression in the three additional validation cohorts, MCII, TJU, and CCF, using the outlier cut-off value from the MCI discovery cohort. Prognostic outlier score was defined as the number of prognostic outlier genes with outlier status. Scores were also generated using existing prognostic instruments Decipher, CAPRA-S, and cell-cycle progression (CCP) signature (18, (25) (26) (27) (28) . As the CCP signature was ported to our microarray platform, we will refer to the microarray
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version as mCCP. In the three validation cohorts, individual prognostic outlier gene status and prognostic outlier score were analyzed with a pooled multivariable logistic regression model. The independence of the prognostic outlier score and the existing prognostic signatures was modeled using logistic regression model including both tools, and prognostic scores were scaled by the SD to make them comparable. To evaluate the addition of the prognostic outlier score to existing clinical and genomic tools, a logistic regression model of the prognostic outlier score in combination with Decipher, mCCP, or CAPRA-S was trained in the discovery (MCI) cohort. Each combined model was then evaluated in the pooled validation cohort for an improvement in receiver-operating curves (ROC) area under the curve (AUC) calculated with the R package "pROC." All logistic regression models and ROC calculations used 10-year metastatic progression as the primary endpoint, and models were stratified by cohort (13) . Oncomine prostate cancer datasets with n > 20 were interrogated for differential expression of the four candidate genes in metastases versus primary tumors using the standard web analysis (29) .
Cell culture and invasion/migration assays DU145 and LNCaP-AR cells were propagated in RPMI1640 base media supplemented with 10% FBS (HI, Invitrogen) and 1% penicillin/streptomycin (Invitrogen). DU145 cells were purchased from ATCC 6/2011 and LNCaP-AR cells were a kind gift from Charles Sawyers in June 2014. Upon receipt, both cell lines were confirmed authentic with the ThermoFisher Identifiler Plus kit by the University of Michigan DNA Sequencing Core Facility and immediately frozen. For experiments, both cell lines were used within 6 months of thawing from those original vials. Lipofectamine RNAiMAX was used for transient transfection of siRNA pools targeting NVL, SMC4, SQLE, or TPX2 (GE/Dharmacon ON-TARGET SMARTpool). Two days later, cells were plated in serum-free media for invasion in Matrigel-coated micropore transwells (Corning Bio-Coat) and in micropore transwells without Matrigel for migration. RNA was isolated from the remaining cells to confirm knockdown by qRT-PCR. Two days after invasion/ migration plating, transwells were fixed in 4% formaldehyde, stained with crystal violet, and cells on the upper side of the micropore membrane wiped off. Cells on the lower side of the membrane were photographed with a microscope, the dye was dissolved in 10% acetic acid and optical density measured at 560 nm (OD 560 nm ).
qRT-PCR assays
High-Capacity cDNA Reverse Transcription Kit (Life Technologies) was used to generate cDNA, which was used as template for RT-PCR using standard cycling parameters with Fast SYBR Master Mix (ABI) and gene-specific primers (sequences from Origene, purchased from IDT). DDC t was used for relative quantitation analysis.
Cell proliferation and cell death assays
Cell proliferation after siRNA transfection was measured in the IncuCyte ZOOM (Essen BioScience) automated cell culture microscope system with image analysis software. Cell death was measured by flow cytometry after Annexin V-fluorescein/propidium iodide (PI) staining, as the percentage of cells positive for Annexin V or Annexin V and PI.
Statistical analysis
Differences among gene expression by qRT-PCR, and invasion and migration by OD 560 nm were analyzed by one-way ANOVA, with pairwise comparison of each knockdown sample to the nontargeting control siRNA. Statistical analysis of clinical data is described above. Missing data was handled with case-wise deletion.
Results
Demographics
The demographics of the discovery and validation cohorts are shown in Supplementary Table S1 . The discovery dataset consisted of 545 patients, 212 (39%) of which developed metastatic progression after a mean follow-up of 13.4 years. This cohort had a significant rate of adverse disease features, consistent with the high rate of metastatic disease, including 24% of patients with PSA >20 ng/mL, 39% with Gleason 8 to 10, 50% with extracapsular extension, 32% with seminal vesicle invasion, and 49% with positive margin. The validation cohorts consist of 232, 130, and 183 patients, with metastatic disease in 75 (32%), 10 (8%), and 49 (27%) patients, after mean follow-up of 6.7, 8.7, and 9.7 years. The rate of adverse disease features was slightly lower in the validation datasets, concomitant with the variably lower rates of metastatic progression.
Outlier analysis
In the discovery cohort (MCI), we used modified COPA analysis to find genes with outlier expression preferentially in patients who developed metastatic progression, as compared with patients with no evidence of metastatic disease at last follow-up. We identified 20 prognostic outlier genes that have outlier expression in 4% or more of the discovery cohort and have PPV of 0.7 or more (Table 1) . We chose PPV as the primary measure of outlier gene prognostic association because we wanted to select outlier genes which identify subsets of patients at high risk for metastatic progression, that is, ruling in patients at risk for metastatic progression. However, any individual outlier gene is, by definition, only expressed in a subset of patients who will develop metastatic progression. Several of the (30) , NRP1 (31), and STMN1 (32)], thus serving as positive controls to confirm that our prognostic outlier gene nomination strategy identifies relevant genes. Interestingly, a number of the prognostic outlier genes are little studied in prostate cancer, or cancer biology in general, and we chose to focus further studies on three of these little-studied candidates: NVL (nuclear VCP-like), SMC4 (structural maintenance of chromosomes 4), and SQLE (squalene epoxidase); we included TPX2 (targeting protein for XKLP2) as a positive control prostate cancer gene (33) . SMC2 and NSMCE2 are structurally and functionally related to SMC4, so we chose to investigate SMC4 only (34) . Inverse waterfall plots confirmed the prognostic outlier expression profile of these four genes ( Supplementary Fig. S1 ). The specificity of this prognostic outlier analysis was confirmed by examples from two categories of negative result genes: those which do not have outlier expression [PSA gene KLK3, alpha5-laminin (LAMA5) and breast and gastric cancer gene KLF2 (refs. 35, 36; Supplementary Fig. S2)] ; and, cancer genes with outlier expression that is not correlated to outcome [the liver and ovarian cancer gene SERPINB3 (37, 38) and the pan-cancer gene RHOC (Supplementary Fig. S2; refs. 39-41) ]. Kaplan-Meier analysis confirmed the prognostic association of NVL, SMC4, SQLE, and TPX2 in the MCI cohort for metastatic progression (Supplementary Fig. S3 ) and overall survival (Supplementary Fig. S4 ). Thus, our prognostic outlier gene nomination strategy identified genes that are important in prostate cancer and have strong prognostic association.
In vitro validation assays
Prognostic genes may be bystanders in the metastatic cascade, as is the case for KI67, or may contribute biologically and therefore be putative therapeutic targets. We investigated the mechanistic involvement of the three less-studied prognostic outlier genes ÃÃÃÃ , P < 0.0001 versus siNT; ÃÃÃ , P < 0.001; ÃÃ , P < 0.01; Ã , P < 0.05; #, P ¼ 0.09. NVL, SMC4, and SQLE in the metastatic cascade using transwell invasion and migration assays after transient siRNA knockdown in the prostate cancer cell lines DU145 and LNCaP-AR. In addition, we included TPX2 in our in vitro studies as a positive control for a prognostic outlier gene with a demonstrated impact on oncogenic phenotypes (33) . Knockdown efficiency was 64% for NVL in DU145 cells, and otherwise >75% for all genes in both cell lines (Fig. 1A and B) . Knockdown of TPX2 strongly induced cell death ( Fig. 1C and D) and inhibited proliferation ( Fig. 1E and F) in both cell lines, as expected (33) . NVL and SMC4 knockdown had a mild inhibitory effect on proliferation in LNCaP-AR cells (Fig. 1F) . We next tested these three genes in an in vitro model of the metastatic process; the cell death induction by TPX2 was such that there were insufficient cells for invasion or migration assays for both cell lines. We observed that knockdown of NVL resulted in decreased migration in DU145 cells ( Fig. 2A) , and decreased migration and invasion in LNCaP-AR cells (Fig. 2B) . SMC4 knockdown significantly decreased both migration and invasion in both cell lines (Fig. 2C and D) . Knockdown of SQLE nonsignificantly increased migration and invasion in DU145 cells (Fig.  2E) , and significantly decreased migration and invasion in LNCaP-AR cells (Fig. 2F) . These results confirm that NVL, SMC4, and SQLE have biologic roles in the metastatic process in prostate cancer.
Clinical validation
To validate the prognostic significance of the outlier genes, we examined them in three independent clinical datasets from different institutions: MCII, TJU, and CCF. Focusing on the four prognostic outlier genes we studied in vitro, outlier expression of each gene individually had strong prognostic association with metastatic progression with HRs 3.7-11 ( Fig. 3A-D) . To understand the role of these four prognostic outlier genes after metastasis, we examined the expression of each candidate gene in metastases versus primary tumors in the Oncomine prostate cancer datasets. Indeed, each gene has significant overexpression in metastases versus primary tumor in nearly all datasets, indicating an ongoing contribution to metastatic prostate cancer (Fig.  3E) . These results indicate that outlier expression of NVL, SMC4, SQLE, or TPX2 has strong prognostic association with metastatic progression after prostatectomy, and that these prognostic outlier genes continue to have a role in metastatic prostate cancer. Prognostic outlier score While we focused in vitro studies on a small subset of the prognostic outlier genes, our initial hypothesis that prognostic outlier status could be an important prognostic tool was not limited to NVL, SMC4, SQLE, and TPX2. Therefore, we extended our clinical validation analyses to the entire list of 20 prognostic outlier genes. As individual patients may have outlier status of more than one prognostic outlier gene, we first defined a prognostic outlier score as the number of prognostic outlier genes with outlier status. Clinicopathologic variables Gleason score, positive surgical margins, seminal vesicle invasion, and lymph node involvement were significantly different among the prognostic Table S2 ). The prognostic outlier score results in well-stratified patient groups in both the discovery (MCI; Fig. 4A ) and the pooled validation cohorts (Fig. 4B) . Multivariable analysis in both the discovery (MCI) cohort and the pooled validation cohort (Supplementary Table  S3) showed outlier score to be one of the most significant predictors of 10-year metastatic progression with an OR 1.5 per each additional outlier in both the discovery and the pooled validation cohorts (P < 0.0001). In addition, we found that this was also true for overall survival (Supplementary Fig. S4 ).
Given the novelty of our prognostic outlier gene approach compared with prior biomarker discovery efforts in prostate cancer, we hypothesized that the prognostic outlier score could supplement existing prostate cancer prognostic instruments. In fact, the prognostic outlier score was a significant predictor of metastatic progression independent of Decipher, CAPRA-S, or mCCP score in a multivariable model (Table 2 ) and significantly increased ROC AUC when integrated into each score (Supplementary Fig. S5 ; Table 2 ; refs. 18, [25] [26] [27] [28] . With the addition of prognostic outlier score, the AUC of Decipher increased from 0.768 to 0.791 (P < 0.05), mCCP from 0.710 to 0.782 (P < 0.005), and CAPRA-S from 0.715 to 0.75 (P < 0.001). Thus, outlier status of the prognostic outlier genes is strongly associated with poor outcomes in high-risk prostate cancer after prostatectomy, and provides information independently of published prognostic instruments.
Discussion
High-risk prostate cancer carries a significant risk of metastatic progression after prostatectomy, and therefore better prognostic biomarkers and therapeutic strategies are needed (2, 3) . Molecular biomarkers are a promising class of prognostic biomarker candidates, but these studies in prostate cancer have been limited by follow-up insufficient for study of metastatic progression or survival because of the long disease course (16) . Separately, outlier analysis has identified preeminent prostate cancer genes TMPRSS2-ERG fusions and SPINK1 (19, 20) , but has been limited to comparisons of cancer versus normal samples. These two approaches have been very fruitful in the prostate cancer translational research.
In this study, we sought to address both prognostic and therapeutic needs in high-risk prostate cancer by applying the novel prognostic outlier gene approach. We identified 20 prognostic outlier genes in the discovery cohort, many of which are well-known cancer genes, but several of which have not been studied in prostate cancer. We defined a prognostic outlier score as the number of prognostic outlier genes with outlier status, and demonstrated that each additional prognostic outlier gene with outlier status associates with more aggressive clinical behavior. Indeed, increasing prognostic outlier score was one of the most significant predictors of metastatic progression and overall survival after prostatectomy. The prognostic outlier score predicted outcomes independently from the published prognostic instruments Decipher, CAPRA-S, and mCCP score, and added to the prognostic ability of these tools. We found that three prognostic outlier genes that are unstudied in prostate cancer contribute to oncogenic phenotypes in two prostate cancer cell lines. TPX2 knockdown induced cell death as our positive control for a prognostic outlier gene with an impact on oncogenic phenotypes (33); NVL, SMC4, or SQLE knockdown significantly decreased migration and/or invasion in one or both cell lines used. The molecular mechanisms of these prognostic outlier genes are not yet clear. NVL is a member of the AAA ATPase superfamily with two predominant isoforms in the nucleolus and nucleoplasm, is reportedly involved in ribosomogenesis, and an essential component of the TERT holoenzyme (42, 43) . Interruption of either of these functions could potentially have significant impact on tumor cell biology. However, this is the first report to implicate NVL in cancer biology, and further study is required. SMC4 is an ATPase core protein of the condensin I and II complexes that capture and condense chromatids in the early stages of mitosis (44) . SMC4 has been implicated in colorectal, liver, and breast cancer (45-47), but has not been studied in prostate cancer or implicated in the metastatic cascade. In addition, SMC4/condensin interacts with the genomic transcriptional insulator CTCF, and thus may be required for oncogenic gene silencing (48) . SQLE is a cholesterol biosynthesis enzyme that has been implicated in several cancers other than prostate, and, interestingly, is located in the chromosome 8q24 Myc oncogene amplicon (49) (50) (51) . SQLE knockdown had an impact in LNCaP-AR but not DU145 cells, which is likely reflective of the much more significant role of steroid hormone signaling in LNCaP-AR cells. Although some molecular details about each gene are known, the prognostic performance demonstrated in our study provides strong motivation for further investigation in prostate cancer.
Although our study is able to leverage the power of several large cohorts, there are potential limitations with our data. We cannot account for all inter-and intracohort variation from factors such as warm/cold ischemia time, different tissue fixation and processing procedures, relative ratios of different cells (e.g., tumor, stroma, benign glands, inflammatory cells, etc.) and different patient characteristics and treatment protocols at each institution. However, we attempted to mitigate these effects by performing all RNA processing and microarray hybridization in the same CLIA-certified laboratory, and by using multivariable analysis and stratification to account for measured and unmeasured confounders, respectively. In addition, we note that a study specifically examining the effects of ischemia time on gene expression found <1% of genes significantly changed, and there is no overlap with the prognostic outlier genes identified in this study (52) .
In summary, we have performed a novel analysis in a large high-risk prostate cancer cohort with long follow-up to identify 20 prognostic outlier genes as potential biomarkers and therapeutic targets. In vitro validation of three prognostic outlier genes unstudied in prostate cancer, NVL, SMC4, and SQLE, confirmed that these genes play a causal role in the metastatic cascade, and therefore may be further explored for therapeutic intervention. Importantly, the prognostic performance of outlier status of the 20 prognostic outlier genes was validated as one of the strongest prognostic predictors of metastatic progression across three independent clinical datasets comprising more than 500 patients, and provided prognostic information independent of three published prognostic instruments. On the basis of these findings, prognostic outlier genes may serve as an important novel class of cancer genes for biomarker and therapeutic discovery in prostate cancer. 
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